Puromycin, an analog of the 3′ end of aminoacyl-tRNA, causes premature termination of translation by being linked non-specifically to growing polypeptide chains. Here we report the interesting phenomenon that puromycin acting as a non-inhibitor at very low concentration (e.g. 0.04 µM) can bond only to fulllength protein at the C-terminus. This was proved by using a carboxypeptidase digestion assay of the products obtained by Escherichia coli cell-free translation of human tau 4 repeat (tau4R) mRNA in the presence of low concentrations of puromycin or its derivatives. The tau4R mRNA was modified to code for three C-terminal methionines, which were radioactively labeled, followed by a stop codon. The translation products could not be digested by carboxypeptidase if puromycin or a derivative was present at the C-terminus of full-length tau4R. Puromycin and its derivatives at 0.04-1.0 µM bonded to 7-21% of fulllength tau4R, depending on the ability to act as acceptor substrates. Furthermore, the bonding efficiency of a puromycin derivative to tau4R was decreased by addition of release factors. These results suggest that puromycin and its derivatives at concentrations lower than those able to compete effectively with aminoacyl-tRNA can bond specifically to full-length protein at a stop codon. This specific bonding of puromycin to full-length protein should be useful for in vitro selection of proteins and for in vitro and in vivo C-terminal end protein labeling.
INTRODUCTION
The antibiotic puromycin (1) , which is an analog of the 3′ end of Tyr-tRNA Tyr (2) , acts in both prokaryotes and eukaryotes (3) (4) (5) as an inhibitor of peptidyl transferase (6, 7) . It has two modes of inhibitory action. The first is by acting as an acceptor substrate which attacks peptidyl-tRNA (donor substrate) in the P site to form a nascent peptide (6) (7) (8) (9) . The second is by competing with aminoacyl-tRNA for binding to the A′ site, defined as the binding site of the 3′ end of aminoacyl-tRNA within the peptidyl transferase center (10) (11) (12) . It has been reported that the polypeptides released by puromycin are not full-length protein (6) . Similarly, it has been shown that growing peptide chains on ribosomes are transferred to the α-amino group of puromycin, which interrupts the normal reaction of peptide bond formation (7) . Therefore, these conventional studies suggest that puromycin is a non-specific inhibitor of protein synthesis as a result of competition with aminoacyl-tRNA. However, since most of the studies on puromycin have been performed at relatively high concentrations of puromycin to examine the non-specific inhibition of protein synthesis, the behavior of puromycin at lower concentrations, before nonspecific inhibition occurs, is still open to question. Some studies have shown that full-length protein which fails to release from ribosomes at the final stage of protein folding requires treatment with puromycin or release factors (RFs) to be released (13, 14) . The results of these studies led us to hypothesize that puromycin might act as a non-inhibitor and bond specifically to full-length protein under certain conditions. Accordingly, the question we sought to answer here is whether puromycin has the ability to bond specifically to full-length protein in the process of normal translation, especially at low concentrations of puromycin, which do not effectively compete with aminoacyl-tRNA.
In order to obtain evidence of specific bonding of puromycin and its derivatives to full-length tau 4 repeats (tau4R) as noninhibitors of protein synthesis, we have developed a carboxypeptidase digestion assay involving digestion with carboxypeptidase Y after Escherichia coli cell-free translation of modified tau4R mRNA. This approach provided evidence of the specific bonding of puromycin and its derivatives, as well as allowing a comparison of their efficiencies of specific bonding. We also discuss a possible model of this specific bonding of puromycin to full-length protein, and its potential applications to the establishment of mRNA and complete encoded protein fusions for the in vitro selection of proteins, as well as to in vitro and in vivo C-terminal end protein labeling for the analysis of various biological phenomena.
MATERIALS AND METHODS

Chemicals and enzymes
Puromycin dihydrochloride and DMT-deoxyuridine were obtained from Sigma Chemical Company. Bz-DMT-TBDMSribocytidine was a gift from Espec Oligo Service (Tsukuba 
Preparation of puromycin derivatives
Puromycin derivatives, 2′-ribocytidylyl-(3′→5′)-puromycin (rCpPuro) and 2′-deoxyuridylyl-(3′→5′)-puromycin (dUpPuro), were synthesized mainly by the use of Harris and Hengesh's coupling reaction (17, 18) . Here it was modified by using a solvent mixture of dry pyridine and 1,3-dimethyl-3,4,5,6,-tetrahydro-2(1H)-pyrimidinone (DMPU) to increase the yield. Twenty micromoles of 5′-O-phosphoryl-puromycin (19) and 40 µmol of fully protected deoxy-or ribonucleoside were treated with 0.1 mmol of dicyclohexyl carbodiimide (DCC) in a mixture of 2 ml of dry pyridine and DMPU (1:1, v/v) for 3 days at room temperature. The dimethoxytrityl (DMT) group and benzoyl group of puromycin derivatives were then deprotected. The derivatives were further purified by HPLC, analyzed by using two digestion reactions with spleen PDase and nuclease P1, and identified by MALDI/TOF/MS (PerSeptive Biosystems Voyager).
[M+H] + molecular ions at m/z 777 and 762 were seen for rCpPuro and dUpPuro, respectively. The modification of the coupling reaction caused an increase in the yield of the derivatives to 10% relative to starting puromycin, as determined using calculated molar extinction coefficients of 19 500 at 268 nm for puromycin, 28 900 at 265 nm for dUpPuro and 30 200 at 271 nm for rCpPuro in 0.1 M HCl (17) .
Preparation of mRNA
The tau4R region (Fig. 1A) corresponding to amino acids 192-318 of human tau protein was amplified by PCR from a plasmid (pAR3040) (20, 21) . The tau4R (N-terminal Met) mRNA (Fig. 1B) was amplified by PCR with primer 1, the product generated by PCR with primer 1-1 (5′-GAGCATAGATCTCGATCCCG-CGAAATTAATACG-3′) containing a part of the T7 promoter and primer 1-2 (5′-GGACATGACATTCATCATGTCT-GGCATATGTAT-3′) containing an initiation codon, and primer 2 (5′-GTTCTCGGATCCTTACAGCTTGTGGGTT-TCAATCTTTTTA-3′) containing an ochre stop codon. The tau4R (C-terminal Met) mRNA (Fig. 1C) was amplified by PCR with primer 1-1 and primer 3 (5′-GCAGCCCATCAT-CATCTACTTGTGGGTTTCAAT-3′) containing three methionine triplets followed by an ochre stop codon. Thus, the natural CUG leucine coding triplet of tau4R was substituted by a UAA ochre stop codon, and the natural CTG leucine, AAG lysine and CAC histidine were substituted by three AUG methionine triplets (Fig. 1A) . PCR was carried out with Taq DNA polymerase, using 30 cycles each consisting of 30 s at 92°C, 30 s at 65°C and 1 min at 73°C. PCR-generated fragments were purified with QIA quick PCR purification kit (Qiagen).
Transcription was done by using T7 RNA polymerase with PCR-generated fragments for 2 h at 37°C, followed by DNase I treatment for 15 min at 37°C. Both mRNAs were purified by 8 M urea/4% PAGE.
Cell-free translation
Cell-free translation was performed as described by Lesley et al. (22) using an E.coli S30 Extract System for Linear Templates (Promega) with minor modifications. The reaction volume was 25 µl and the translation was carried out at 37°C for 10 min with 10 pmol of tau4R (N-terminal) mRNA and 15 pmol of [ 35 S]methionine (1 µCi/pmol) or 2 pmol of [5′-32 P]puromycin derivative labeled with [γ-32 P]ATP (3 µCi/pmol) using T4 polynucleotide kinase. Electrophoresis was performed by 8 M urea/1% SDS-PAGE with 18% acrylamide and 0.5% bisacrylamide for the separating gel in 1.5 M Tris-HCl/0.4% SDS, pH 8.8 and 5% acrylamide and 0.5% bisacrylamide for the stacking gel in 0.5 mM Tris-HCl/0.4% SDS, pH 6.8, after a pre-run for 30 min at room temperature. The gels were exposed to an imaging plate for 30 min for analysis with an imaging analyzer (Fuji Film BAS2000). (21) . The last asterisked amino acid was replaced by an ochre stop codon. Three underlined and three double underlined amino acids for construction of tau4R (N-terminal Met) and tau4R (C-terminal Met) mRNA were replaced by methionine, respectively. Tau4R was digested at the C-terminal side of square-boxed arginine by treatment with Arg-C. (B) DNA template of tau4R (N-terminal Met) mRNA. Three bold black bars indicate positions at which the fourth, fifth and eighth amino acids of tau4R were replaced by methionine, respectively, as described in (A). (C) DNA template of tau4R (C-terminal Met) mRNA. Three bold black bars indicate positions at which the 125th, 126th and 127th amino acids of tau4R were replaced by methionine, respectively, as described in (A). SD, the Shine-Dalgarno sequence; square-boxed Met, the starting methionine residue.
Carboxypeptidase digestion assay
Cell-free translation was performed with 10 pmol of tau4R (C-terminal Met) mRNA and 15 pmol of [ 35 S]methionine (1 µCi/pmol) in a 25 µl reaction mixture, and then an aliquot of 6 µl of each 25 µl reaction mixture in the absence or presence of puromycin or a derivative was digested with 0.8 µg of Arg-C for 1 h at 37°C, followed by 0.6 µg of carboxypeptidase Y for 1 h at 25°C. Electrophoresis was carried out by 1% SDS-PAGE with 18% acrylamide and 0.5% bisacrylamide for the separating gel in 1.5 M Tris-HCl/0.4% SDS, pH 8.8 and 5% acrylamide and 0.5% bisacrylamide for the stacking gel in 0.5 mM Tris-HCl/ 0.4% SDS, pH 6.8, after a pre-run for 30 min at room temperature. The gels were analyzed with the imaging analyzer, as described in the previous section.
RESULTS
Inhibitory activity of puromycin and its derivatives at low concentrations
The cell-free system containing non-radioactive puromycin, rCpPuro or dUpPuro with [ 35 S]methionine and the tau4R (N-terminal Met) mRNA (Fig. 1B) was employed to examine the degree of inhibition of protein synthesis by puromycin and its derivatives at low concentrations. Instead of using a conventional peptidyl transferase assay (23, 24) , we calculated the degree of inhibition by scanning the gels with an imaging analyzer. Fifty percent inhibition corresponds to the formation of one-half of the products of cell-free translation of tau4R mRNA (N-terminal Met) as compared with the amount obtained in the absence of puromycin and its derivatives. The concentrations of puromycin, rCpPuro and dUpPuro affording 50% inhibition were~6, 1 and 20 µM, respectively (Fig. 2) . rCpPuro was a stronger inhibitor than puromycin and dUpPuro was the weakest inhibitor. The results are consistent with studies of the function of CCA sequences required for recognition of aminoacyl-tRNA during peptide bond formation (17, (23) (24) (25) . The inhibition of protein synthesis by puromycin and its analogs was difficult to detect at 0.04 µM and the inhibition by dUpPuro was difficult to detect even at 1.0 µM (Fig. 2) .
Bonding of 32 P-labeled puromycin derivatives to full-length tau4R at low concentration
Synthesized and directly 32 P-labeled puromycin derivatives, rCpPuro and dUpPuro, were added to an E.coli cell-free translation system with tau4R (N-terminal) mRNA (Fig. 1B) . Surprisingly, we found that 32 P-labeled rCpPuro and dUpPuro at 0.04 µM seemed to be bonded to full-length tau4R (Fig. 3A,  lanes 3 and 5) . These bands disappeared completely upon addition of the non-radioactive derivatives. The bonding efficiency of 32 P-labeled rCpPuro and dUpPuro was 17 and 10% of total tau4R, respectively (Fig. 3B) . The total amount of tau4R corresponding to the product of cell-free translation of Figure 2 . Inhibition of protein synthesis in an E.coli cell-free system by puromycin and its derivatives. Tau4R (N-terminal Met) mRNA was used for the cell-free translation with non-radioactive puromycin, rCpPuro or dUpPuro. Open circles, filled circles and filled squares represent puromycin, rCpPuro and dUpPuro, respectively. Fifty percent inhibition corresponds to the formation of one-half of the products of cell-free translation of tau4R mRNA (N-terminal Met) compared to the amount obtained in the absence of puromycin and its derivatives. Degree of inhibition was evaluated by scanning the gels with an imaging analyzer (Fuji Film BAS2000). tau4R mRNA (N-terminal Met) in the absence of puromycin and its derivatives showed no difference between the absence (Fig. 3A, lane 1) and presence (Fig. 3A, lane 2) of nonradioactive puromycin as a control, since the concentration (0.04 µM) was lower than that capable of inhibiting protein synthesis effectively (Fig. 2) . This result strongly supports the view that 32 P-labeled puromycin derivatives bonded only to full-length tau4R at 0.04 µM (Fig. 3A, lanes 3 and 5) .
A system to detect specific bonding of puromycin or its derivatives to the 35 S-labeled C-terminal of full-length tau4R
To confirm that puromycin or its derivatives bonded to fulllength protein, we have developed a new carboxypeptidase digestion assay (Fig. 4) . The cell-free translation was performed using [ 35 S]methionine and the tau4R (C-terminal Met) mRNA (Fig. 1C) constructed with three methionine triplets followed by an ochre stop codon to detect full-length tau4R. Tau4R was observed at a slightly higher position (14 kDa) on the gel (Fig. 5A, lane 1) than the expected position (12 kDa) based on the molecular size markers because it is a basic protein (Fig. 1A) . However, the fragment of tau4R (4 kDa) digested with Arg-C at the carboxyl end of the arginine residue ( Figs 1A and 4) was detected at the expected position (Fig. 5A, lane 2) . This assay is based on the idea that, if the 4 kDa fragment of tau4R produced by Arg-C treatment is bonded to puromycin or its derivatives at the C-terminus, it will not be digested by carboxypeptidase Y (Fig. 4) . It was confirmed that treatment with carboxypeptidase Y for 60 min was sufficient to digest completely the 4 kDa fragment of control tau4R (Fig. 5A, lane 3) , whereas a part of the 4 kDa fragment from tau4R synthesized in the presence of 0.04 µM rCpPuro, puromycin or dUpPuro remained undigested (Fig. 5A, lanes 5, 7 and 9 ). Hence this assay can determine the amount of full-length tau4R that is bonded to puromycin or its derivatives on the basis of the protection by puromycin or its derivatives of the 35 S-labeled C-terminal end of the 4 kDa tau4R fragment from digestion by carboxypeptidase Y (Fig. 4) .
Demonstration and comparison of specific bonding of puromycin and its derivatives to full-length tau4R
Using the carboxypeptidase digestion assay, we found that not only rCpPuro and dUpPuro, but also puromycin itself showed a capacity for specific bonding to the 35 S-labeled C-terminal Figure 4 . The carboxypeptidase digestion assay to detect specific bonding of puromycin and its derivatives to full-length tau4R. A shaded circle indicates puromycin or a derivative. M, bold black bars and R indicate the starting methionine residue, three methionine residues at the C-terminal end and an arginine residue, respectively. Tau4R and tau4R bonded to puromycin or a derivative can be digested by Arg-C, producing a 4 kDa fragment of tau4R and a 4 kDa fragment of tau4R bonded to puromycin or a derivative. The 4 kDa fragment of tau4R can be completely digested by carboxypeptidase Y, producing amino acids and oligopeptides, but the 4 kDa fragment of tau4R bonded to puromycin or a derivative cannot be digested by carboxypeptidase Y. end of full-length tau4R at a concentration of 0.04 µM (Fig. 5A) . The 4 kDa fragments of tau4R bonded to puromycin, rCpPuro and dUpPuro all remained on the gel after the carboxypeptidase Y treatment for 60 min (Fig. 5A, lanes 5, 7 and 9 ), in contrast to the control (Fig. 5A, lane 3) . Analysis of the efficiency of specific bonding showed rCpPuro (21%) > puromycin (15%) > dUpPuro (8%) at a concentration of 0.04 µM (Fig. 5B) . Thus, rCpPuro gave the highest efficiency of specific bonding and one in every five producing full-length protein molecules seems to have rCpPuro at its C-terminus. A comparison of the results at 0.04 and 1.0 µM indicated that the efficiencies of specific bonding of rCpPuro and puromycin were distinctly decreased and that of dUpPuro was insignificantly decreased with the increase in concentration (Fig. 5B) . In principle, the efficiencies of specific bonding of stronger inhibitors seemed to show sharper falls with increasing concentration (Fig. 5B) . In other words, the efficiency of specific bonding decreased with increasing degree of inhibition due to the decrease of the total produced full-length protein molecules. The efficiencies of specific bonding (Fig. 5B) were in the same order as the degree of inhibition of protein synthesis (Fig. 2) . This suggests that this specific bonding to full-length protein depends on the ability of these compounds to act as acceptor substrates for peptide bond formation in the A site of the ribosome. Moreover, the efficiencies of bonding (Fig. 5B) were in good agreement with those of 32 P-labeled puromycin derivatives (Fig. 3B) .
Inhibition by RFs of 32 P-labeled rCpPuro bonding to tau4R
Since puromycin and its derivatives bonded to full-length protein, as judged from the results of the bonding experiments of 32 P-labeled puromycin derivatives and the carboxypeptidase digestion assay, the specific bonding of puromycin and its derivatives might occur at a stop codon. To test this hypothesis, E.coli RF-1 or Salmonella RF-2 (15,16) was added to the E.coli cell-free translation system in the presence of 0.04 µM 32 P-labeled rCpPuro (Fig. 6) . The efficiency of specific bonding of 32 P-labeled rCpPuro to tau4R was reduced to 80% by addition of 150 pmol of RF-1 and to 60% by addition of 375 pmol of RF-2, respectively ( Fig. 6 lanes 2 and 3) , based on the bonding efficiency of 0.04 µM 32 P-labeled rCpPuro to tau4R in the absence of RFs, taken as 100% (Fig. 6, lane 1) . These results strongly suggest that specific bonding of puromycin to full-length protein occurs at a stop codon in the process of termination of protein synthesis.
DISCUSSION
This is the first report to present evidence that puromycin and its derivatives can bond only to full-length protein molecules at very low concentrations (e.g. 0.04 µM) where they act as noninhibitors of protein synthesis. First, we confirmed that the inhibition of protein synthesis by puromycin and its derivatives at a concentration of 0.04 µM was almost undetectable (Fig. 2) . Secondly, we found that 32 P-labeled rCpPuro and dUpPuro at 0.04 µM seemed to be bonded to full-length tau4R (Fig. 3) . Thirdly, we proved by means of the carboxypeptidase digestion assay that puromycin and its derivatives (rCpPuro and dUpPuro) at 0.04 µM showed specific bonding to the 35 S-labeled C-terminal end of full-length tau4R (Fig. 5A) to an extent that depends on the ability of each compound to act as an acceptor substrate for peptide bond formation in the A site (Figs 2 and 5B). We confirmed the agreement of the bonding efficiencies obtained by using 32 P-labeled rCpPuro and dUpPuro (Fig. 3B ) and those examined using 35 S-labeled tau4R (Fig. 5B) . Finally, we showed that the efficiency of specific bonding of 32 P-labeled rCpPuro to tau4R was decreased by RF-1 and RF-2. Taken together, these results support the idea that puromycin and its derivatives can bond specifically to full-length protein.
We propose a possible model to explain the specific bonding of puromycin to full-length protein. It is well known that puromycin at high concentrations competes with aminoacyl-tRNA, causing premature termination of protein synthesis and forming peptidyl puromycin by being linked to the growing peptide chain (Fig. 7A) (6-9) . On the other hand, puromycin at lower concentrations (e.g. 0.04 µM) hardly inhibits protein synthesis (Fig. 2) , so that it could bond specifically to fulllength protein molecules ( Figs 3A and 5A) . In other words, puromycin at sufficiently low concentrations could have a chance to be bonded to proteins only at a stop codon, where puromycin does not need to compete with aminoacyl-tRNA. Since termination is a relatively slow step involving a translational pause in eukaryotes (26, 27) and E.coli (28), it is possible that puromycin even at very low concentrations binds to the A′ site, defined as the binding site of the 3′ end of aminoacyl-tRNA within the peptidyl transferase center (10) (11) (12) , and competes with RFs to release full-length protein from ribosomes (Fig. 6) . This concept is supported by the findings that complex formation of ribosomes with RF was completely blocked by the presence of the ternary complex (aminoacyl-tRNA with elongation factor-Tu) and decreased by the presence of aminoacyl-tRNA at the A site, but was unimpaired by the presence of deacylated tRNA at the A site (29) . Therefore, we propose a model in which puromycin can bond to the full-length protein at the stop codon in the process of normal termination of protein synthesis (Fig. 7B) . This phenomenon should be useful for studying aspects of the mechanism of translational termination, especially in relation to RFs (Fig. 6) , such as the determination of efficiency of RFs independently of the influence of termination codon context (30) . At low concentrations such as 0.04 µM, specific bonding of puromycin occurs efficiently because sufficient full-length protein molecules are produced (Fig. 7B) . However, at intermediate concentrations such as 1.0 µM, both specific bonding of puromycin to full-length protein molecules (Fig. 7B ) and non-specific bonding of puromycin to nascent protein molecules (Fig. 7A ) could occur at the same time. This was because the efficiency of specific bonding of puromycin would decrease with increasing degree of inhibition, due to decreasing formation of full-length protein molecules and increasing amounts of nascent protein molecules (Figs 2 and 5B ).
If this model (Fig. 7B) is correct, the specific bonding of puromycin should be applicable to the in vitro selection of proteins by methods such as in vitro virus (31) and RNA-peptide fusion (32) , based on the use of puromycin as a physical linkage between mRNA and its encoded peptide or protein, because the establishment of fusions of mRNA and its complete encoded protein is preferable for the accurate assignment of genotype (mRNA) and phenotype (its encoded protein). The above methods [in vitro virus (31) and RNA-peptide fusion (32) ] required the use of mRNA without a stop codon to establish the fusions of mRNA and its encoded peptide or protein, so that another method independent of the stop codon was developed (33) , which could be applied to the screening of natural mRNA or cDNA libraries. However, in the present work, we have shown that puromycin, under certain conditions, bonds to complete encoded tau4R obtained by using mRNA with a stop codon (Figs 3, 5 and 6) . In other words, the requirement of no stop codon may no longer be essential for the in vitro virus (31) and RNA-peptide fusion (32) approaches.
There are a number of other interesting potential applications of this specific bonding of puromycin to full-length protein at the C-terminus for the analysis of various biological phenomena. For example, puromycin and its derivatives should be useful as new protein labeling reagents for the rapid and convenient analysis of protein-protein interaction and protein folding, not only in vitro but also in vivo, since the specific bonding of puromycin and its derivatives can occur using natural mRNAs with a stop codon (Figs 3, 5 and 6 ). Here we should point out that C-terminal end labeling of full-length protein with puromycin and its derivatives should not impair the function of the proteins (13, 14) . Furthermore, the fact that the efficiency of specific bonding seems to depend on the ability to act as an acceptor substrate (Figs 3 and 5) could be a useful hint in the design of new protein labeling reagents. We are currently working on an application of specific bonding of a fluorescent puromycin as a C-terminal end protein labeling reagent to analyze protein-protein interactions by means of fluorescence polarization measurement.
